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Abstract
We explore the possibility that the Kaluza-Klein graviton states induce electroweak
symmetry breaking. We also demonstrate that electroweak symmetry breaking could
have a large impact on KK phenomenology.
Recently, it has become clear that quantum gravity as described using extra dimensions,
and the associated Kaluza-Klein excitations, could have effects at scales far below the measured
Planck mass [1]. In the most popular approach [2], ordinary particles are confined on a brane
(having three spatial dimensions) with gravity propagating in the bulk, a situation that can be
realized in several string models [3]. There has been an outpouring of phenomenological work
based on these ideas; see [4, 5, 6] and references therein. Here, we point out that the KK modes
could have a dramatic impact on electroweak symmetry breaking. Indeed, they could provide
the EWSB mechanism. In turn, EWSB could have a large impact on KK phenomenology.
1 Electroweak Symmetry Breaking
We consider a theory with δ extra dimensions, for which we begin with the action
S = − 1
2κ̂2
∫
d4x dδy
√
−ĝ R + 1
Vδ
∫
d4x dδy
√
−ĝ Λ + ∑
fields
∫
d4x
√
−ĝ4 Lfields(x) , (1)
where κ̂ is the reduced Planck mass in 4 + δ dimensions, Vδ = L
δ is the volume associated
with the extra compactified dimensions, κ = V
−1/2
δ κ̂ is the usual reduced Planck mass (κ =√
16πGN), Λ is a bulk cosmological constant defined so as to have the same dimensions as a
vacuum energy density in Lfields,1 ĝµ̂ν̂ (µ̂, ν̂ = 0, 1, 2, 3, . . . , 3+ δ) refers to the full metric tensor
1In the usual notation, the cosmological constant term would be written as 1
κ̂2
∫
d4 xdδy
√
−ĝΛ∗. Λ∗ would
have dimension of mass-squared. The relation is Λ∗ = κ2Λ.
1
in 4 + δ dimensions, ĝ4µν refers to the µ, ν = 0, 1, 2, 3 part of ĝ, and we have restricted all
matter fields to lie on a brane at y = 0 following the prescription of [4] and [5]. (We will employ
notation and definitions consistent with [4].) In the linearized approximation, we expand the
metric tensor about the flat-space limit writing ĝµ̂ν̂ = ηµ̂ν̂ + κ̂ĥµ̂ν̂ with
ĥµ̂ν̂ = V
−1/2
δ
(
hµν + ηµνφ Aµi
Aνj 2φij
)
, (2)
where φ ≡ ∑i φii.2 Retaining the leading terms in κ̂, the resulting equations of motion take
the form:
Rµ̂ν̂ −
1
2
ηµ̂ν̂R = κ̂
2ηµ
µ̂
ηνν̂Tµνδ
δ(y)− κ̂2V −1δ Ληµ̂ν̂ . (3)
In Eq. (3), Tµν =
(
−ĝµνL+ 2 δLδĝµν
)
ĝµν=ηµν
and Rµ̂ν̂ − 12ηµ̂ν̂R ≡ Gµ̂ν̂ with
Gµ̂ν̂ =
κ̂
2
[
∂ρ̂∂ρ̂ĥµ̂ν̂ − ∂ρ̂∂µ̂ĥρ̂ν̂ − ∂ρ̂∂ν̂ ĥρ̂µ̂ + ∂µ̂∂ν̂ ĥρ̂ρ̂ − ηµ̂ν̂∂ρ̂∂ρ̂ĥσ̂σ̂ + ηµ̂ν̂∂ρ̂∂σ̂ĥρ̂σ̂
]
. (4)
The next step is to expand:
hµν(x, y) =
∑
~n
h~nµν(x)exp
(
i
2π~n · ~y
L
)
, φij(x, y) =
∑
~n
φ~nij(x)exp
(
i
2π~n · ~y
L
)
, (5)
and similarly for Aµi(x, y). Here, the ~n 6= 0 modes are the KK states and we have assumed
that all compactification radii are the same. The result of this expansion yields an effective
Lagrangian and corresponding equations of motion for the KK modes and Standard Model
fields on the brane. For ~n 6= 0, one rewrites h~nµν , A~nµ i and φ~nij in terms of the physical fields
h˜~nµν , A˜
~n
µ i and φ˜
~n
ij as in Refs. [4] and [5].
Our main focus will be on the Higgs sector of the theory. We begin with an arbitrary Higgs
potential V that is a function of a certain set of real Higgs scalar fields Φi. The corresponding
contribution to the energy momentum tensor is Tµν = ηµνV . We also have the massive KK
states, the Lagrangian mass terms for which are simply
L~nmass =
1
2
m2n
(
−h˜µν,~nh˜−~nµν + h˜~nh˜−~n
)
−m2n
δ∑
i,j=1
φ˜~nijφ˜
−~n
ij , (6)
where we have singled out fields associated with a single ~n = (n1, n2, . . . , nδ) mode and the
complex conjugate −~n fields. (This means that the total L is obtained by summing L~n only
2We note that the expansion parameter multiplying the fields is κ̂V
−1/2
δ = κ ≡
√
16π/MPl, where MPl is
the usual Planck mass for three spatial dimensions. Thus, for this expansion to be appropriate, it is important
that the relevant values for the hµν , Aµj and φij fields all be small relative to MPl. This will indeed be the
case so long as the string scale, MS, above which the effective theory that we will be discussing is invalid, is
much smaller than MPl. This expansion also assumes that in the absence of quantum excitations a flat metric
is a consistent solution of the equations of motion, at least locally on the brane. This, in turn requires that
the vacuum energy density on the brane be very small (small effective cosmological constant). As discussed
later, this latter can be arranged by an appropriate choice of the bulk Λ in the case that will be of interest to
us where the other Lagrangian terms lead to a very substantial vacuum energy density on the brane.
2
over ~n values such that the first non-zero nk is positive. We denote this restricted sum by∑
~n>0.) In Eq. (6), m
2
n =
4π2n2
L2
with n2 = ~n2 and h˜ = h˜µµ, which is non-zero in the general
off-shell situation.3
The next key ingredient is the coupling between the graviton KK states and the scalar field
contributions to Tµν following from the last term in Eq. (1). To lowest order in κ =
√
16π/M2Pl,
and singling out fields with index ~n and their complex conjugates, this takes the form4
L~nmix = −
κ
2
[(
h˜µν,~n + h˜µν,−~n
)
Tµν + ωδ
(
φ˜~n + φ˜−~n
)
T µµ
]
, (7)
where
ωδ =
[
2
3(δ + 2)
]1/2
(8)
and φ˜ =
∑
i φ˜ii.
In employing both Eq. (6) and (7), we must keep in mind the δ constraints niφ˜ij = 0,
which means that only δ(δ − 1)/2 of the φ˜ij are independent. This is particularly crucial as
we consider the effects of the mixing between the h˜, φ˜ fields and the Higgs field through Lmix.
We first wish to consider whether the mixing term can lead to non-zero vacuum expectation
values for the Φ Higgs field and the h˜, φ˜ fields. To this end, we look for an extremum of
Vtot = V (Φi)−Lmass−Lmix, where V (Φi) is the relevant part of −LΦ, LΦ being the Lagrangian
for the Higgs field(s). We will argue later that in general V (Φi) should be the full effective
potential as computed for the Higgs sector. Writing h˜µν,~n = ℜ(h˜µν,~n) + iℑ(h˜µν,~n) and h˜µν,−~n =
ℜ(h˜µν,~n)− iℑ(h˜µν,~n), and similarly for the φ˜ij fields, we find that the extremum conditions for
h˜µν and φ˜ij give
ℜ(h˜~nµν) = ηµν
κ
3m2n
V ℜ(φ˜~nij) = −Pij
2κωδ
m2n
V, (9)
where ηµν = diag(1,−1,−1,−1), Pij = δij − ninj/n2 and all imaginary components are zero.
Substituting into Lmix and Lmass gives a result for Vtot which we denote by V tot:5
V tot = V +
∑
~n>0
1
m2n
2κ2
3
V 2 −∑
~n>0
1
m2n
4κ2
(
2
3
δ − 1
δ + 2
)
V 2 = V − 2κ2V 2 δ − 2
δ + 2
∑
~n>0
1
m2n
, (10)
3Note that we do not agree with the notation in Eq. (24) of [4] which implies that the 2nd term in Eq. (6)
should only be summed over the δ(δ + 1)/2 independent values of i, j. We also see that L~n of their Eq. (24)
should only be summed over ~n > 0, as specified above.
4Here, the full L is again obtained as L =∑~n>0 L~n.
5We note that this same result is obtained if one computes the V 2 terms using virtual exchanges of the
h˜~nµν and φ˜
~n
ij fields at zero momentum. (We believe that the propagator for h˜
~n
µν given in [4] is incorrect. One
should use ∆h˜µν,~n,ρσ,~m = iδ~n,−~mBµν,ρσ(k
2 −m2n + iǫ)−1, i.e. no factor of 1/2 in their normalization. This is
required also for consistency with [5].) Indeed, one obtains from virtual h˜ and virtual φ˜ exchanges the results∑
all ~n
i
−m2n
(iκ)2
2
(
T µνTµν − 13T µµ T νν
)
, and
∑
all ~n
i
−m2n
(iκ)2ω2δ(δ−1)
4 T
µ
µ T
ν
ν , respectively, where we will substitute
Tµν = ηµνV . To convert to an effective Lagrangian, we must remove the i and multiply by 1/2 in order to
avoid over counting contractions. After changing the sign in order to convert to an effective potential, using∑
~n>0 and writing Tµν = ηµνV , we reproduce the corresponding terms of Eq. (10). One can easily see that
this must be the result by integrating out the h˜ and φ˜ fields in the path integral formulation.
3
where we use the shorthand notation V for V (Φi). It will be convenient to define
∑
all~n
1
m2n
= 2
∑
~n>0
1
m2n
≡ D
κ2
δ + 2
δ − 2 , (11)
so that we have
V tot = V −DV 2 . (12)
One must next search for an extremum with respect to the Φi. Using the result of Eq. (12),
one finds
∂V tot
∂Φi
=
∂V
∂Φi
[
1− 2V D
]
. (13)
Requiring this to be 0, we obtain:6
V =
1
2D
, or
∂V
∂Φi
= 0, for all i . (14)
The 2nd solution corresponds to the usual minimum while the first is of a very unusual nature,
as we shall explore. Whichever extremum is appropriate, we denote the extremum values of V
and Φi by V0 and vi, respectively. We also denote the value of V at the usual minimum by VS.
In order to determine which extremum corresponds to the smallest V tot, we compute
V tot
(
V =
1
2D
)
− V tot(V = VS) = 1
4D
−
(
VS −DV 2S
)
= D
(
VS − 1
2D
)2
. (15)
We see that the V = 1
2D
extremum is preferred if D < 0, whereas the standard extremum is
preferred for D > 0 unless VS =
1
2D
. The procedure of Ref. [4] yields D = 2
M4
S
(δ−2) , where MS
is an ultraviolet cutoff. This suggests that D > 0. However, the ultraviolet cutoff is the point
at which the physics of the string enters. The exact manner in which the divergent sum is
regularized is thus uncertain and either sign for D is possible, as considered, for example, in
Ref. [6].7 Thus, we consider D to simply be a parameter determined by the detailed physics
at the string scale.
6We note that we end up with exactly the same conditions whether we substitute using Eq. (9) and then
minimize (as we have done) or take the derivatives of V (Φ) − Lmass − Lmix with respect to the h˜~nµν , φ˜~nij and
Φ fields independently and then afterwards substitute. Technically speaking, the former is appropriate if we
are integrating out the h˜ and φ˜ fields, whereas the latter is appropriate if we retain them as physical degrees
of freedom. One can equally well mix the two approaches and obtain the same conditions. This ‘matching’ is
important as it guarantees that there is no sensitivity to exactly where we place the boundary between heavy
and light fields.
7A simple example is ζ regularization. Defining ζ(x) ≡∑∞n=1 n−x, ζ(x) is easily computed and is positive
for ℜ(x) > 1. But, using analytical extension to define the divergent summation for negative x gives ζ(−1) =
−1/12, ζ(−5) = −1/152, . . .. In general, ζ(1− 2m) has sign (−1)m, i.e. a negative value results for odd integer
m even though ζ(1 − 2n) is formally a sum of positive numbers. In fact, the large n terms in the summation∑
~n
1
m2n
behave like
∑
n cδn
δ−3 with cδ =
L2πδ/2−2
2Γ(δ/2) . Thus, we could write
∑
~n
1
m2n
= cδζ(δ− 3)+ dδ, where dδ is
a finite correction. However, since ζ regularization is not the only possibility, results obtained in this specific
manner would probably be misleading. The only firm conclusion is that string physics could act to regulate
apparently divergent sums in a manner such that D < 0.
4
Given a definite minimum, we must consider an appropriate quantum state expansion. To
this end, we first note that for a set of scalar fields Φi one has T
µ
µ = −2LΦ + 2V (Φi), where
LΦ = ∑i Lkin, i−V (Φi), where Lkin, i = 12(∂ρΦi)(∂ρΦi). By substituting the vacuum field values
of Eq. (9) into Eq. (7) and summing over all ~n > 0, we find
Lmix ∼ κ2V0 δ − 2
δ + 2
∑
~n>0
1
m2n
T µµ =
1
2
DV0T
µ
µ = −DV0 [LΦ − V (Φi)] . (16)
To determine the appropriate quantum expansion for the scalar fields, we focus on the deriva-
tive terms
LΦ + Lmix ∋
(
1−DV0
) 1
2
∑
i
∂ρΦi∂ρΦi . (17)
(For later reference, we note that LΦ + Lmix also contains non-derivative terms of the form
[2DV0 − 1]V (Φi).) From Eq. (17) we see that, for the V0 = 12D minimum, half of each usualLkin, i derivative term is canceled by Lmix; whatever the value of V0, we must rescale the Φi in
order to have canonical normalization for their kinetic energy terms. We write
Φi = Φ̂i
(
1−DV0
)−1/2
. (18)
Note that rescaling is not necessary for the KK h˜ and φ˜ fields since Lmix does not involve their
derivatives.
The next step is to expand Vtot = V (Φi)− Lmass − Lmix about the extremum. We write
Φ̂i = v̂i + si , ℜ(φ˜~nij) = −Pij
2κωδ
m2n
V0 +
∑
s
esij
ss~n√
2
. (19)
It will not be necessary to expand h~nµν about its minimum since T
µν ∝ ηµν and the spin-2
quantum states have polarizations ǫ~nµν such that η
µνǫ~nµν = 0. We may also choose to define the
ss~n states so that only e
s=1
ii 6= 0; e1ii = (δ−1)1/2 is required for correct normalization (summation
over i is implied in both formulae). Only s1~n has the potential for mixing with the si states.
The resulting form for Vtot is:
Vtot = V0 −DV 20 +
1
2
∑
~n>0
m2n(s
1
~n)
2 + 2
√
2κωδ(δ − 1)1/2
∑
~n>0
s1~n
∑
j
sj
(
∂V
∂Φ̂j
)
Φ̂k=v̂k , all k
+(1− 2DV0)
∑
ij
sisj
(
1
2
∂2V
∂Φ̂i∂Φ̂j
)
Φ̂k=v̂k , all k
+ . . . , (20)
where ∂V
∂Φ̂i
= (1 − DV0)−1/2 ∂V∂Φi . The physics at the two different extrema of Eq. (14) is quite
different. If ∂V
∂Φˆi
= 0 for all i, then Eq. (20) shows that there is no tree-level mixing between s1~n
and any of the si.
8 The Higgs and KK modes remain in separate sectors. The case of V0 =
1
2D
8As we shall show shortly, the same is true at the one-loop level.
5
is more subtle. To illustrate, we assume that there is only one Φi. In this case, the mass terms
for the quantum fluctuations read
Vtot → 1
2
∑
~n>0
[
m2n(s
1
~n)
2 + 2ǫs1~n s
]
, with ǫ ≡ 2
√
2κωδ(δ − 1)1/2
(
∂V
∂Φ̂
)
Φ̂=v̂
, (21)
where Eq. (18) implies that ∂V
∂Φ̂
=
√
2∂V
∂Φ
when V0 =
1
2D
. In order to determine whether or not
we are in a local minimum, we must diagonalize Vtot. The mass matrix takes the form
M2 =

0 ρ1ǫ ρ2ǫ ρ3ǫ . . .
ρ1ǫ ρ1m
2
1 0 0 . . .
ρ2ǫ 0 ρ2m
2
2 0 . . .
ρ3ǫ 0 0 ρ3m
2
3 . . .
. . . 0 0 0 . . .
 (22)
where the notation ρnǫ and ρnm
2
n means that there are actually ρn =
∑
~n>0, ~n2=n2 identical
entries in the matrix. The precise values of ρ1,2,3,... depend upon δ. For example, ρ1 = δ.
(The ~n > 0 solutions of 12 = n21 + n
2
2 + . . . + n
2
δ are ni = 1, nk 6=i = 0 for any i = 1, . . . , δ.)
A typical value of m2n =
4π2n2
L2
is set by the relation 4π
2
L2
=
(
MPl√
8π
)−4/δ
M
2+4/δ
S from which one
obtains 4π
2
L2
= 1.7 · 10−7 eV2, 3 · 103 eV2, 4 · 108 eV2, 5 · 1011 eV2, 6 · 1013 eV2, 2 · 1016 eV2 for
δ = 2, 3, 4, 5, 6, 8 for a 4+δ dimension Planck mass MS of order 1 TeV. This is to be compared
to the off-diagonal entries characterized by ǫ ∼ m2v/MPl ≤ 107 eV2 for m < 1 TeV. Thus,
for δ ≥ 4 the off-diagonal entries are always small compared to the diagonal entries. Even
more importantly, the upper cutoff in m2n to which we sum and which dominates the relevant
summations is of order M2S ∼ 1024 eV2 (for MS ∼ 1 TeV) or larger, which is much larger than
ǫ. Thus, for the relevant matrix entries, the s1~n KK states mix slightly with s with a mixing
angle θ~n ∼ −ǫ 1m2n . The physical eigenstate corresponding to the original s is rotated to
sphys ≃

Πncθn
sθ1
sθ2
. . .
 ≃

1
θ1
θ2
. . .
 ≃

1
−ρ1ǫ/m21
−ρ2ǫ/m22
. . .
 , (23)
where we use the short-hand notation of lumping all ρn of the states of a given mn together.
The mass of sphys is given by
9
m2sphys = −ǫ2
∑
n
ρn
m2n
→ −ǫ2 ∑
~n>0
1
m2n
∼ −8
3
D
δ − 1
δ − 2
(
∂V
∂Φ̂
)2
Φ̂=v̂
, (24)
9It is remarkable that this result is obtained whether we treat the φ˜~nij fields as being light, i.e. without
integrating them out, (as we have done) or first integrate them out. Just as for the minimization condition
of Eq. (14), the final expression for m2sphys does not depend upon where the dividing line between ‘heavy’ and
‘light’ fields is placed.
6
where we have used Eqs. (11) and (8). We note that the D < 0 requirement, needed to ensure
that we are expanding about a local minimum that is deeper than the standard minimum, is
also that which implies a positive mass-squared for sphys. Mixing of s with the full tower of KK
states and whatever physics is present at the string scale to cutoff the ultraviolet divergence
of
∑
~n
1
m2n
is critical to obtaining m2sphys > 0.
Let us now make a few comments before turning to phenomenology. First, it is very amusing
to note that the D < 0 minimum yields nonzero v at the minimum even if V (Φ) itself does
not have a minimum with Φ 6= 0. In particular,
V (Φ) =
1
2
m2Φ2 + Ξ (25)
is entirely satisfactory, provided V0 =
1
2
m2v2 + Ξ = 1
2D
< 0, where v =
√
2vˆ. For this form of
V (Φ) we have
m2sphys = −
32
3
D
δ − 1
δ − 2m
4v̂2 , (26)
which would be of order v̂2 if m ∼ |D|−1/4 ∼ MS, as might possibly be natural. We note that
if m is of this size, then to achieve V0 =
1
2D
it is necessary that Ξ be negative with absolute
magnitude of order M4S. This is all that is required in order for the interactions of the tower
of KK states with the Higgs field to generate electroweak symmetry breaking.
Second, we argue that in our approach it is incorrect to include in V (Φ) tree-level diagrams
containing virtual exchanges of the s~n fields. (These would, in particular, create effective Φ
4
and higher interactions for V (Φ) = 1
2
m2Φ2 + Ξ). This is because the graphs required are
one-particle reducible (in the s1~n fields). However, true one-loop corrections to V (Φ) should be
included beyond the tree level. The usual Higgs, fermion and vector loops will be discussed
later. In addition, there are one-loop corrections that first appear at O (κ2). For example,
the sea-gull φ˜φ˜ΦΦ vertex of order κ2 gives rise to a one-loop diagram coupling two pairs of
Φ’s together via a loop containing two (independent) φ˜ exchanges. Summing over all the
independent ~n states for each φ˜ and integrating over the loop momentum, one obtains a one-
loop Φ4 interaction with coefficient of order [κ2]2[D/κ2]2/D ∼ D. This is of similar form to
the DV 2 term in Eq. (12), but suppressed by a one-loop numerical factor. We will consistently
neglect all diagrams containing KK loops.
Thirdly, we wish to note that the actual size of D is extremely uncertain. For example, the
recent work of Ref. [7] suggests that the brane recoil effects will provide an effective cutoff for
the
∑
~n
1
m2n
that can reduce the size of D: D → D ×
(
f2
MS
)δ−2
for δ > 2, where f is the brane
tension. However, if D < 0 and V0 = 1/(2D), this does not affect the size of DV0. As a result,
if D < 0 its exact magnitude is not critical to the resulting phenomenology.
Finally, we note that the result of Eq. (26) for the physical Higgs mass squared will receive
loop corrections from a number of sources. For example, there are the corrections to the Higgs
mass coming from the virtual KK corrections as computed in Ref. [4]. These are proportional
to the m2 parameter appearing in V times functions of m2/M2S. Most naturally, all mass
parameters are of order |D|−1/4 ∼ MS, in which case the virtual KK correction would be of
the order of M2S, and therefore possibly somewhat larger than m
2
sphys
(which might be of order
7
v2). More importantly, there are one-loop contributions from vector boson and fermion loops.
As usual, these are quadratically divergent unless we introduce the usual supersymmetric
partners. In this paper, we do not consider the supersymmetric extension. Quadratically
divergent contributions are then absorbed in the usual renormalization procedure.
2 Electroweak Phenomenology
Let us first focus on vector boson mass generation. There are two contributions; one coming
from Lmix and the other from the standard Lkin kinetic energy portion of the scalar Lagrangian.
After substituting the vacuum values for ℜ(h˜µν, ~n) and ℜ(φ˜~nij) given in Eq. (9) into Eq. (7),
we find the result of Eq (17) for the pure derivative terms. After rescaling to Φ̂, one obtains
the usual canonically normalized derivative form Lmix + Lkin ∋ 12∂ρΦ̂∂ρΦ̂. At this point, we
generalize to real doublet notation and expand to the usual gauge-invariant derivative form to
obtain (regardless of the value of V0)
Lmix + Lkin ∋ 1
2
(DρH)† (DρH) , (27)
where for the simple one-doublet model we employ H = (0, Φ̂) and Dρ = ∂ρ + igA
a
ρT
a with
T a = τa/2. Keeping only the W and Z boson portions of Eq. (27) and writing Φ̂ = v̂ + s as
before, we find
Lmix + Lkin ∋ 1
4
g2(v̂ + s)2W+ρ W
− ρ +
1
8
(
g2 + g′ 2
)
(v̂ + s)2ZρZ
ρ . (28)
However, before proceeding further, we must demonstrate that the W and Z fields themselves
do not need to be rescaled in order to have canonical normalization. The crucial result is that
following from Eq. (16):
Lmix = 1
2
DV0T
µ
µ (29)
after substituting the vacuum values of the h˜ and φ˜ fields. From the form of T Vµν for a vector
field given in Eq. (37) of [4], one finds that the F ρσFρσ kinetic energy part of T
V µ
µ is zero.
Thus, we can proceed to read off masses and couplings from Eq. (28). One finds m2W =
1
4
g2v̂2 and m2Z =
1
4
(g2 + g′ 2)v̂2, which are the usual expressions but in terms of the vev of the
rescaled field, Φ̂. (Note that the standard result for the ratio mW/mZ is preserved.)
We must now compute the coupling of WW and ZZ to sphys. We focus on the WW
coupling, that for ZZ being entirely analogous. In principle, bothWWs andWWs1~n couplings
contribute after mixing. The former coupling is easily read off from Eq. (28). The latter
coupling is obtained by substituting the kinetic part of the Higgs Tµν into Eq. (7), yielding a
L~nmix term of the form
√
2κωδ(δ − 1)1/2s1~nLkin. The net result for the WWsphys coupling is
g2v̂
2
+
∑
~n>0
κωδ(δ − 1)1/2 g
2v̂2
2
√
2
θ~n = gmW − 1
3
D
δ − 1
δ − 2g
2v̂2
(
∂V
∂Φ̂
)
Φ̂=v̂
. (30)
8
The 2nd term only contributes for the D < 0 minimum where the mixing angles, proportional
to ∂V/∂Φ̂ at the minimum, are non zero. In this case, assuming the simple V (Φ) form of
Eq. (25), this 2nd term is of order gmW (v̂
2m2/M4S) and will yield a small correction to the
usual gmW strength for the WWsphys coupling. To the extent that it can be neglected, WW
scattering (for example) will not violate unitarity bounds if msphys <∼ 1 TeV. The unitarity
problems associated with the correction term in Eq. (30) would, in fact, generally be smaller
than those arising from virtual h˜ and φ˜ contributions to WW scattering. These latter are
summarized in the amplitude form
A(s) = −κ
2
2
∑
all~n
1
s−m2n
T , (31)
where T = TµνT µν − 1δ+2T µµ T νν , where for WW scattering the Tµν would be that for the W ’s.
As usual, for s < M2S,
∑
~n>0
1
s−m2n would be dominated by contributions at the MS scale
yielding −κ2∑~n>0 1s−m2n ∼ D ∼ 1/M4S, implying an effective contact interaction form. The
WW unitarity problems deriving from the correction term of Eq. (30) and from the effective
contact interaction of Eq. (31) can both be suppressed simply by taking MS to be large. Still,
it would be interesting to try to probe the correction term of Eq. (30) by a high precision
measurement of the Higgs-WW coupling once the Higgs boson has been discovered.
Let us now analyze the fermion sector. We again use the general result of Eq. (29). The
rescaling of the fermion fields is determined by noting that for the fermionic T Fµν of Eq. (42)
of Ref. [4] we have
T F µµ ∋ −3ψiγρDρψ , (32)
where we have dropped total derivative terms. Thus, we have
Lψ + Lmix ∋
(
1− 3
2
DV0
)
ψiγρDρψ , (33)
implying that we should rescale to
ψ̂ =
(
1− 3
2
DV0
)1/2
ψ . (34)
Considering next the Yukawa coupling, for which we use the notation Lψ ∋ −fYψψΦ, implying
T ψµν = ηµνfYψψΦ, we find that
Lψ + Lmix ∋ −
(
1− 2DV0
)
fYψψΦ = −
(
1− 2DV0
)
(
1− 3
2
DV0
) (
1−DV0
)1/2 fYψ̂ψ̂Φ̂ . (35)
If 1 − 2DV0 6= 0, then this simply amounts to a redefinition of the Yukawa coupling strength
fY, which does not affect the standard relation between the sψ̂ψ̂ coupling and the mass mψ̂
induced by v̂. Any Yukawa coupling term involving the real doublet H will always contain the
combination v̂ + s. However, for the D < 0 minimum, 1 − 2DV0 = 0 and it appears that the
Yukawa interaction is automatically zeroed.
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As remarked earlier, if D > 0 then ∂V/∂Φ = 0 is required at the minimum, in which case
Eq. (20) implies that there is no mixing between s1~n and the Higgs fields. As we have stressed,
since V (Φ) is the full effective potential, this is not just a tree-level result. Even though there
are diagrams involving Higgs boson, fermion and vector boson loops that appear to mix s1~n
with s, the full calculation is such that the sum of all such diagrams simply serves to modify
Lmix in such a way that it is the full effective potential V that should be written in T µµ , and
not just the tree-level potential. We will explicitly demonstrate this for one-loop. We believe
the result to be general. The one-loop contribution to the effective potential V is conveniently
summarized as
δV (Φ) =
1
64π2
[
3m4V (Φ) +m
4
Φ(Φ)− 4m4ψ(Φ)
]
ln
Φ2
M2
≡ δVV (Φ) + δVΦ(Φ) + δVψ(Φ) , (36)
where M = 〈Φ〉. In the above, mV (Φ) = eΦ (where e is a generic gauge coupling), m2Φ(Φ) =
m2Φ+
1
2
λΦ2 (where we use the Higgs Lagrangian form LΦ = 12(∂µΦ)2−Vtree(Φ) with Vtree(Φ) =
1
2
m2ΦΦ
2+ λ
4!
Φ4) andmψ(Φ) = fYΦ (fY being the Yukawa coupling appearing in Lψ = ψiγρDρψ−
fYψψΦ). We wish to demonstrate that the h˜ and φ˜ fields interact with δV (Φ) just as they
do with the tree-level V (Φ), see Eq. (7). To do so, consider the Lagrangian constructed
by adding L~nmix to LΦ. (For convenience, we focus on a single value of ~n.) Since we are
interested in expanding about the potential minimum for which h˜µν ∝ ηµν , we may write
Lmix = αT µµ , where α ≡ −κ2
(
1
4
ηµν [h˜~nµν + h˜
~−n
µν ] + ωδ[φ˜
~n + φ˜~−n]
)
. Let us first focus on the scalar
sector contribution, for which T µµ = −∂ρΦ∂ρΦ + 4Vtree(Φ). We now recast αT µµ + LΦ in
the form of the original LΦ by using appropriate rescalings of fields and couplings. First,
for a canonical kinetic energy normalization we must define (1 − 2α)1
2
∂ρΦ∂
ρΦ = 1
2
∂ρΦ
′∂ρΦ′,
implying Φ′ = (1 − 2α)1/2Φ ∼ (1 − α)Φ. (Since we are considering the linearized expansion
in powers of κ, we need only keep O(α) terms.) One then finds that the net coefficient of Φ′ 2
is ∼ −1
2
(1 − 2α)m2Φ, implying that we should define m2Φ′ ∼ (1 − 2α)m2Φ. In contrast, we find
that rescaling of λ is not necessary; λ′ = λ. We now compute the contribution to the one-
loop potential coming from the scalar sector using the Φ′ Lagrangian. The result is analogous
to that contained in Eq. (36), namely 1
64π2
m4Φ′ ln
Φ′ 2
M ′ 2
, with m4Φ′(Φ
′) = (m2Φ′ +
1
2
λ′Φ′ 2)2 ∼
(1 − 4α)m4Φ(Φ) (both terms in m2Φ′(Φ′) scale in the same way) and ln Φ
′ 2
M ′ 2
= ln Φ
2
M2
. The net
result is LΦ + Lmix ∋ −(1 − 4α)Vtree(Φ) − (1 − 4α)δVΦ(Φ), which is equivalent to including
δVΦ(Φ) in both LΦ ∋ −V (Φ) and in Lmix = αT µµ ∋ 4αV (Φ). We turn next to the vector
boson loop. After rescaling, m4V (Φ
′) = e4Φ′ 4 ∼ (1− 4α)e4Φ4, which is equivalent to including
δVV (Φ) in the full V (Φ) in both LΦ and Lmix.10 Finally, consider the fermionic sector. Since
Lψ + αT µµ ∋ (1 − 3α)ψiγρDρψ, canonical normalization for the net kinetic terms requires
rescaling ψ′ ∼
(
1− 3
2
α
)
ψ. The scaling for the Yukawa constant is determined by requiring
Lψ + αT µµ ∋ −(1 − 4α)fYψψΦ = −f ′Yψ′ψ′Φ′ ∼ −f ′Y(1 − 3α)(1 − α)ψψΦ, implying f ′Y ∼ fY.
We then have m4ψ(Φ
′) = (f ′YΦ
′)4 ∼ (1− 4α)(fYΦ)4, equivalent to including δVψ(Φ) in V (Φ) in
both LΦ and Lmix.
10There is no rescaling of the gauge fields since the gauge kinetic terms do not appear in T µµ for the vector
theory. As a result, the gauge coupling to the Φ is also not rescaled since the gauge interactions arise from the
covariant derivative Dρ ∋ ieAρ.
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We reemphasize that we have consistently neglected all terms that arise from expanding
the metric tensor to higher order in powers of κ(hµν + ηµνφii). These would lead (being very
schematic) to corrections of order κ2h˜h˜T and κ2φ˜φ˜T to Lmix of Eq. (7). The extremum solution
will be shifted by such terms. The higher order expansion terms also lead to new contributions
to mW , for instance through the quartic WWℜ(φ˜~n)ℜ(φ˜~m) interactions that will contribute to
m2W when the (shifted) vacuum expectation values for the ℜ(φ˜~n) are substituted.
3 Basic Issues and Phenomenology for V0 6= 0
We first wish to point out that the basic gauge-theory interaction strengths are not altered by
the rescaling required when V0 6= 0. For example, consider the interaction of the fermionic ψ
field with a vector field. After the rescaling, Lψ +Lmix ∋ ψ̂iγρDρψ̂ is of canonical form. This,
in combination with the fact that there is no rescaling for the vector fields contained in Dρ
implies that the Wψ̂ψˆ and Zψ̂ψ̂ couplings are the same as always. The same remarks apply
also to the interactions of the Higgs fields with the vector fields. Indeed, after rescaling we have
already noted that the Higgs kinetic energy terms have a canonical normalization; i.e. after
rescaling and making the derivatives covariant LΦ+Lmix ∋ ∑i 12(DρΦi)(DρΦi). This structure
guarantees standard gauge couplings for the Higgs bosons. Clearly, the gauge structure of the
theory is being preserved precisely because the vector fields do not require rescaling (due to
the fact, noted earlier, that their contribution to the trace of the energy momentum tensor
vanishes at tree-level11).
If D > 0, then electroweak symmetry breaking is only possible if V itself has a minimum
for non-zero Φ. A typical form is V = λ(Φ2 − v2)2 + Ξ, leading to V0 = Ξ. The Higgs self
interactions induced by such a potential will not be related in the usual way to the Higgs mass
if V0 6= 0 and the Higgs fields are rescaled.
Another issue regarding the D > 0 case is the following. The contribution of Lmix to Vtot
means that when the KK modes take their appropriate values at the minimum of Vtot, Lmix
yields a negative contribution to Vtot as reflected in the form V tot = V − DV 2 of Eq. (12).
Then, for large enough V (Φ) (large Φ) V tot is unbounded from below. Thus, the standard
electroweak symmetry breaking minimum is intrinsically unstable. However, if early universe
evolution is such that we enter the Φ = v minimum, the height of the potential barrier that
must be overcome to reach large Φ is given by the maximum of V tot, i.e. (V tot)max = 1/(4D),
which is most naturally of order V tot ∼ M4S . For large enough MS, the tunneling probability
will be very small. From another perspective, the model we are discussing is only an effective
theory valid below a certain cutoff scale (the string scale MS). In this context, we need only
require that Vtot(Φi) > V0 −DV 20 for field strengths Φi smaller than MS , as is the case.
Finally, there is the question of how to resolve V0 6= 0 (required to be of order M4S in
magnitude if D < 0 and most naturally of this magnitude even if D > 0) with the known
fact that the vacuum energy on the brane (i.e in our world of three spatial dimensions) is very
11However, the anomaly in the trace of the energy momentum tensor would modify this conclusion; see
Ref. [8].
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small. We first note that adding an explicit cosmological constant that exists only on the brane
by including a term in Eq. (1) of the form
∫
d4x
√−ĝ4Λ4 is simply equivalent to shifting the
value of the constant Ξ as already included in the Higgs potential. Indeed, after expanding√−ĝ4 ∼ 1 + κ2h + 2κφ (where h = hµµ and φ = φii, i.e. not h˜ and φ˜), we find that the effect
is to alter Eq. (12) to V tot = (V − Λ4)−D(V − Λ4)2. Clearly this amounts to a redefinition
of Ξ → Ξ − Λ4. Further, the effective vacuum energy seen by the four-dimensional subset of
the basic equations of motion, Eq. (3), including the massless gravitational (~n = ~0) modes,
would be V0−Λ4. Thus, if the cosmological constant only resides on the brane, it is equivalent
to shifting Ξ → Ξ − Λ4. As a result, the vacuum energy at the minimum will be exactly as
before. For instance, the D < 0 minimum would correspond to an effective vacuum energy of
V0 − Λ4 = 12D , which is not only non-zero but has a very large magnitude of order M4S.
At least one solution to this potential problem, which would also seem to be quite natural
in the string theory context, is to introduce a cosmological constant throughout the bulk in
the manner of the Λ terms of Eqs. (3) and (1). Using Eq. (3), and multiplying the resulting
equation by exp
(
−i2π~n·~y
L
)
and integrating over the y coordinates projects out the equations
of motion for the various ~n components of the fields. The crucial point is that the Λ term
in Eq. (3) contributes only for ~n = ~0. The ~n 6= ~0 considerations we have been discussing are
unaltered. For ~n = ~0, after integration over y, in the 4-dimensional space the right hand side of
Eq. (3) takes the form κ̂2(Tµν −Ληµν). A vacuum energy density Tµν = ηµνV0 can be canceled
by choosing Λ = V0. In the D < 0 case, with V0 ∼ −M4S , one requires Λ < 0 and of order
M4S .
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A final point is that if Λ 6= 0 then one should in principle account for the fact that the
background metric in the bulk in the absence of matter is not exactly flat, implying that we
should not expand about ηµ̂ν̂ except on the brane where we have fine tuned Λ = V0. Indeed,
one could ask if it is consistent to presume the existence of a brane at y = 0 in the presence
of a non-trivial background metric. However, it can be shown that for Λ < 0 (as required for
D < 0) the metric is conformally equivalent to a flat metric for a slice of constant y, which
we have chosen to be at y = 0.13 In addition, there could be non-trivial dynamics in the bulk
(see for example [9]) that could stabilize the brane in the required manner.
To summarize, a bulk cosmological constant does not affect the ~n 6= 0 KK mode mixing
and minimization process but does result in the vacuum energy seen by gravity being given
by V0 − Λ. For the natural magnitude of |V0| ∼ M4S (as certainly required for D < 0), the
cancellation between V0 and Λ must be essentially exact. However, we do not regard this as
being unreasonable given that all these quantities will be determined by the ultimate string
theory which might well have such an exact cancellation built in by means of symmetry or
dynamics.
12A complete expansion of the Lagrangian, see Eq. (1), to higher order in κ̂ would be required to consistently
assess the impact of the Λ term at higher orders in κ̂. All we can say at the moment is that, since
√
−ĝ and√
−ĝ4 both involve the field hµµ in the same way, terms involving only hµµ will cancel for V0 −Λ = 0. However,
terms that mix hµµ and φ, as well as pure φ terms will survive. These deserve further analysis.
13We are grateful to S. Carlip for pointing this out.
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4 Implications of V0 6= 0 for KK Phenomenology
We have argued that V0 6= 0 is possible even if D > 0, and obviously it is required if D < 0.
If V0 6= 0, then the KK phenomenology given in the literature will be altered. The crucial
point is that if V0 6= 0 then the Higgs scalar fields and the fermionic fields must be rescaled to
achieve canonical normalization. In addition, in the V0 =
1
2D
minimum with ∂V/∂Φ 6= 0 there
will be Higgs-KK mixing. Both effects will modify the KK couplings to the physical states.
We first consider whether the KK-mode induced mixing of s1~n with s, present at tree-level
if D < 0, could create experimentally significant modifications. We argue that this is not the
case since the mixing angles θ~n ∼ − ǫm2n are very small by virtue of ǫ ∝ κ [see Eq. (21)]. It is
only if one performs experiments at energies of order the cutoff scale MS that the cumulative
effects of these small mixings might become significant.
As regards rescaling, we have already noted that the vector fields are not rescaled. However,
this is not the case for fermionic and Higgs fields. In the fermion case, the Feynman rules read
off from the L~nF of Eq. (44) of [4] will be modified by a factor of (1− 32DV0)−1. For the V0 = 12D
minimum, the coupling strengths of the KK modes to ψ̂ψ̂ are obtained by multiplying the
Feynman rules of [4] by a factor of 4. In the Higgs field case, the Feynman rules of [4] for KK
mode coupling to two Higgs fields must be multiplied by (1 − DV0)−1, which is a factor of 2
for the V0 =
1
2D
minimum. A sampling of the consequences are the following:
• The effective contact interaction of Eq. (31) is multiplied by a factor of 16 for 4-fermion
interactions and by a factor of 4 in the case of vector-vector-fermion-fermion interactions.
This means that the experimental constraints on MS will be increased by a factor of 2
(
√
2) in the respective cases.
• The amplitude for radiating a KK excitation from a fermion (vector boson) is increased
by a factor of 4 (2). This means that the upper bound onMS extracted from experimental
limits must be re-evaluated. For example, in e+e− → γ+KK mode, the two contributing
diagrams in which the KK excitation is radiated from the fermion must be multiplied
by a factor of 4, the diagram involving e+e− → γ∗ → γ+KK is unchanged while the
e+e−γKK contact term is multiplied by a factor 4.
5 Discussion and Conclusions
To summarize, we have found that mixing between the Higgs sector and the KK modes could
provide a source for electroweak symmetry breaking even in the absence of tree-level Higgs self
interactions. The proposed mechanism arises automatically if the KK mode sum
∑
~n
1
m2
~n
∝ D
is cutoff at the string scale in such a way that D < 0. We note that electroweak symmetry
breaking occurs when D < 0 whatever the actual string cutoff scale, MS ∼ |D|−1/4, so long as
MS is sufficiently below MPl that the effective theory we employ can be defined. Even if the
KK modes are not responsible for electroweak symmetry breaking, the phenomenology of the
contact interactions and missing energy processes which they mediate could be substantially
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modified if the Higgs potential vacuum expectation value is of order M4S, as is entirely possible
and perhaps even natural in the string theory context. We have noted that such a vacuum
expectation value does not necessarily lead to an unacceptably large cosmological constant; it
can be canceled by introducing a cosmological constant in the bulk. As usual, the cancellation
must be fine-tuned. However, such precise cancellation could be an automatic result of the
string theory dynamics or symmetries.
Undoubtedly, the D < 0 case is somewhat unusual. The two major issues that remain
and that we cannot at the moment resolve are the following. First, we have not explicitly
constructed a string theory for which D < 0 is predicted. We can only argue that it appears to
be an entirely possible result. Even though the KK states belowMS give a positive contribution
to D, the way in which KK modes above MS couple to the hidden string physics and the
divergence of the
∑
~n
1
m2
~n
summation is regulated is highly uncertain. At this time, one can
only say that the result is an effective operator for which one could have D < 0. Second,
since the gravitational corrections are, in the end, of order 1 it is possible that results obtained
without expanding to all orders in κ are misleading. We have not attempted to go beyond the
linear expansion, but it is clear that this issue deserves further investigation. We do wish to
note that V0 6= 0 does not force us to violate the idea that we are dealing with an effective
theory below the scale MS . In particular, the Higgs mass and the value of Φ at the minimum
can easily be below MS . Indeed, as shown earlier, Φ̂ = v̂ = 246 GeV is required for the correct
value of mW , and parameters can be chosen so that the (tree-level) Higgs mass is also of this
same order. For instance, in the D < 0 scenario the Higgs mass is of order v̂ so long as m of
Eq. (25) is of orderMS. The only requirement for this to be possible is that Ξ be negative with
absolute magnitude of order M4S . This, we argue, would not be unnatural in a string theory
context.
As regards the D > 0 case, aside from the V0 6= 0 issues already noted above, an interesting
new point is the potential instability at large Φ implied by Eq. (12). If the λ coefficient of the
quartic interaction is significantly larger than 1, V tot becomes negative for Φ values significantly
below MS (i.e. such that the effective theory is likely to still be valid). We have argued that if
one enters the normal Φ = v minimum early in the evolution of the universe, then the barrier
to penetrating to the large Φ instability will be very substantial (of order M4S). However, a
more detailed investigation is probably called for.
Note added: Ideas concerning possible relations between electroweak symmetry breaking
and gravity have also been considered in the past[10].
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